Second-harmonic generation of an antiferromagnetic film in Voigt geometry is calculated and analyzed. This calculation is carried out with an assumption of weak nonlinearity in a two-sublattice antiferromagnetic system. Second-harmonic waves are analyzed by the conventional approach of ordinary nonlinear optics. © 2002 Optical Society of America OCIS code: 190.0190 where with the inverse
In Section 3 the propagation of linear and SH waves in an antiferromagnetic medium (AFM) is described for two cases: phase mismatching and phase matching. The solutions for transmission T and reflection R oflinear waves and for transmission T and reflection R of SH waves through the film are given in Section 4. In Section 5, the results of the calculations in Sections 3 and 4, together with their implications, are shown graphically by use of FeF 2 parameters. Finally, a brief conclusion is given in Section 6. 
MODELING
'Ib determine a suitable model for the observation of SH effects, we review here the nonvanishing susceptibility tensor elements. Previous calculations have determined the independent nonvanishing linear and nonlinear elements up to SH effects in a circular polarization system (pnz): Xpp, Xnn' Xppz, Xnnz ' and Xzpn' The complete mathematical expressions of these elements are given in Appendix A. These tensor elements can be transformed into a Cartesian system (xyz) by use ofthe following definitions:
INTRODUCTION
The simplest nonlinear response in a physical system that has been subjected to incident electromagnetic radiation is second-harmonic generation (SHG) in the weak nonlinear regime.
1
This weak nonlinear approach is usually used in the study of nonlinear effects in dielectrics,I,2 and it has been extended to magnetic systems. 3 -7 This approach offers a simpler way to study various nonlinear effects, especially SHG and optical rectification in magnetic systems and intensity-dependent third-order effects such as multistability and soliton propagation in magnetic films. 5 ,6 A previous calculation revealed that among various types of magnetic system the simplest two-sublattice antiferromagnet is a weak nonlinear system. 4 The antiferromagnets that are well described by the two-sublattice model are FeF 2 and MnF2. 8 With the weak nonlinearity in these antiferromagnetic systems we can use the conventional methods of nonlinear optics to analyze antiferromagnetic nonlinear responses. With this assumption, the sublattice magnetization is expanded in power series of the incident dynamic magnetic fields, h: mi = Xijhj + Xijkhjhk + Xijklhjhkhl + ... . (1) Based on Eq. (1) and the Landau-Lifshitz torque equations of motion for magnetization,9 the complete linear and nonlinear susceptibility tensors up to third-order effects for a single-frequency incident field were calculated and analyzed. 4 Parts of the nonvanishing tensor elements and their applications have been calculated and analyzed by Almeida and Mills 5 and by Vukovich et al. 6 These are intensity-dependent third-order tensor elements that cause bistable and multistable transmission through antiferromagnetic films in the presence of applied static magnetic fields.
In this paper the most fundamental nonlinear effect, SHG through an antiferromagnetic film, is calculated and analyzed based on second-harmonic tensor elements calculated previously. 4 In Section 2 a way to determine the appropriate geometry from the nonvanishing tensor elements for observation of second harmonic (SH) waves generated through an antiferromagnetic film is described. 
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PROPAGATION OF LINEAR AND SECOND-HARMONIC WAVES IN VOIGT GEOMETRY
In the previous calculations 4 all the linear and nonlinear _ susceptibility tensor elements up to third-order effects fo a two-sublattice AFM system were derived based on interactions with polarizations and frequencies of the incident radiation. In actual applications and calculations of nonlinear effects such as SHG and bistability, not all the elements correspond to these effects. The way in which the model is constructed, such as by Voigt configurations, and the direction of incident radiation will determine which elements should be taken into account as a result of the transverse nature of electromagnetic waves. In Voigt geometry, for an x-polarized incident rf magnetic field the wave equations derived from Maxwell's equations and the appropriate constitutive relations are fields the nonvanishing SH tensor elements are Xzxx and Xzyy only, the transverse SH waves that are generated will be z polarized and will propagate in the x-y plane. _ For Voigt geometry the configuration of the film and of , the incident rffield is as given in Fig. 2 . For plane waves incident in the y direction and with x polarization only, the tensor elements that correspond to SHG are the same as in the Faraday geometry: Xzxx and Xzyy • We can observe linear transmission T and reflection R for low intensity of1. For a sufficiently intense rf field in 1, transmission T and reflection n of z-polarized SH waves through the film can be observed as well. Therefore the transmission and reflection of SH waves through an antiferromagnetic film can best be seen in an antiferromagnetic film in the Voigt geometry configuration, as in Fig. 2 . Based on this conclusion, detailed calculations and analyses ofSHG effects through an antiferromagnetic film are given in the following sections. 
Here the subscripts land k refer to (xyz) and the subscripts () and 8 refer to (pnz) . For calculation of SHG it is convenient to transform the tensor components from the (pnz) to the (xyz) framework:
where subscripts in roman type refer to (xyz) and those in greek to (pnz), and T is the complex rotation matrix defined in Eq. (5). The nonvanishing linear and SHG components in the (xyz) framework are
From these nonvanishing elements we can determine the configuration of the antiferromagnetic samples for the generation of SH waves effectively. The simplest method for doing so is to cause a rf field to be incident normally upon a film and to analyze the transmission and reflection through the film. For this purpose there are two possible configurations for magnetic systems: Faraday geometry and Voigt geometry. For Faraday geometry the configuration of the film and of the incident rf field is as shown in For plane waves incident in the -z direction and with polarization in the x-y plane we can observe linear transmission T and reflection R for low intensity of 1. For a sufficiently intense rf field in 1 we can observe bistable and multistable transmission through the film with the same frequency as 1 and third-harmonic waves caused by nonvanishing third-harmonie-generation tensor elements. 4 ,5 However, no transverse SH waves can be seen to be transmitted and reflected through the film.
Because for the x-and y-polarized waves in the incident rf 
TRANSMISSION AND REFLECTION OF LINEAR AND SECOND-HARMONIC WAVES
Applying the antiferromagnetic film boundary conditions to the tangential H and E fields in Section 3 as shown in the schematic diagram of Fig. 2, i. e., the continuity of these rf fields across the film boundaries, yields the coefficients for the transmitted and reflected anIplitudes:
for SH waves. Here k v and k z represent the magnitudes of linear and SH propagation vectors, respectively, and f is a function of linear and SH susceptibility elements and corresponds to the generation of SH waves. 
where
for linear waves. Details of the derivations and definitions of the terms in this section are given in Appendix C. For SH waves the coefficients for the transmitted and the reflected anIplitudes are, respectively, (17)
From Eq. (14), the general solutions for SH waves H/y, t) and Ex(Y, t) are
for phase mismatch (k z =1= 2k v =~) and
(31)
30)
In this case, cPij = Uij for phase mismatching and 4>ij = Vij for phase matching. The explicit expressions for U ij and Vij and the derivations for Eqs. 
where where for phase matching (k z = 2k v = g). The terms a, band a, f3 are the superposition coefficients for the homogeneous solutions of Eqs. (13) and (14), respectively, and are determined by the appropriate boundary conditions. The for linear waves and (33) 
RESULTS AND DISCUSSION
The transmission and reflection coefficients in Section 4, Eqs. (31) 8), because x-polarized waves are superpositions of two circularly polarized waves, and the resonances for these two circular waves are split in a nonzero applied static field, as implied by the susceptibility elements of these circular waves, Xpp and Xnn , in Appendix A. From Appendix A it can be seen that the resonance for a p-circular wave will occur at frequency w p = WR -Wo, whereas the resonance for an n-circular wave will occur at W n = WR + Wo, where WR is the resonance frequency for the antiferromagnet and Wo = yH0 is the frequency shift that is due to applied static field fJ-oH0. For FeF 2 , wR = 52.4 cm-1, and for 3 and 6 T of the applied static field the gap between the p resonance and the n resonance, w g = 2 Wo, will be 6.3 and 12.6 cm-\ as shown clearly in Figs. 3(a) and 3(c) and Figs. 3(b) and 3(d), respectively. The dips at resonance for both transmission and reflection curves are due to the strong antiferromagnetic absorption at the resonance frequencies, whereas the peaks and troughs away from resonance are due to the dimensional resonance that depends on wave vector k v and on the film thickness L.
The SH transmission and reflection are -2 orders weaker than the linear transmission and reflection, and T and n are significant only in the vicinities of antiferro-(34) In the usual nonlinear optics, SHG signals are significant when phase-matching occurs. In terms of the methodology described this paper, linear susceptibilities Xxx and Xxy are complex quantities, whereas Xzz = O. k z is proportional to "jl + Xzz, and therefore it is real, whereas _ k v depends on Xxx and Xxy and basically is a comple quantity. The condition for phase matching is that k z = 2k v . Therefore there is no chance to achieve phase matching for the AFM films. In particular, the input waves have frequencies in the vicinity oflinear AFM resonances for which the imaginary parts of Xxx and Xxy are significant. The peaks and troughs in T and n can be described as the pseudo-phase matching that occurs when one or more of the resonance enhancements described above occurs. Another important property of SH transmission and reflection is that T and n have no phase difference if they are compared to linear transmission and reflection with a ?T!2 phase difference. The reason for this is that the SH output, T and n, has no input from the medium at the left of an antiferromagnetic film, as for the linear case. The only difference between T and n is in terms of magnitudes: Tis greater than n because the input resonance that affects T directly is stronger than the output resonance.
CONCLUSIONS
The main results of this paper have been the calculation and formulation of terms that describe the generation of SH waves through an antiferromagnetic film based entirely on the magnetic response of an antiferromagnet rather than on magneto-optical effects based electrical responses that are affected by the existence of magnetization. 9 • 10 The calculations here have made use of the conventional approach in which, for weak nonlinearity, only 1-2% of the input intensity is converted to SH waves and therefore the assumption of no depletion of the input waves has been used to simplify the calculation. However, the approach that has been used here varies slightly from the usual formulation in nonlinear optics in that we have neglected the slowly varying envelope approximation. 11 The approach that was used here may facilitate using such methods as the conventional nonlinear optics approach to study and characterize nonlinear effects and their applications in magnetic systems. The results 
The SH p, n, and z elements are
The linear elements n are shown in Sections 3-5 were expected from the approaches that were used and may be extrapolated to moresophisticated cases such as the generation of SH waves with the depletion of input waves, and the systems may be extended to include magnetic superlattices.
APPENDIX A. INDEPENDENT NONVANISHING LINEAR AND SECOND-HARMONIC SUSCEPTIBILITY ELEMENTS IN A (p, n, z) SYSTEM
The complete mathematical expressions for the independent nonvanishing linear and nonlinear elements up to SH effects in a circular polarization system (p, n, z) are given. The linear p elements are 
APPENDIX B. CALCULATIONS OF LINEAR AND SECOND-HARMONIC WAVES IN VOIGT GEOMETRY
We consider Maxwell's equations in nonconducting magnetic materials:
where aB VxE=--
At first sight, we may conclude that the effective linear susceptibility elements are Xxx and Xyx only. However, the induced rf magnetization that is due to Xyx is y polarized and will always counterinduce a y-polarized rf magnetic field in the film:
For an antiferromagnetic material such as FeF 2 , E = 1 + Xe is a constant with respect to the applied static magnetic field and the frequency range of interest (the far infrared).
For an x-polarized wave with single frequency w incident in the y direction as shown in Fig. 2, v . D= 0,
From Eqs. (8), (9) , and (BI6), the conclusion is that H/1l(y, t) propagates collinearly with Hx(l)(y, t): 
MX(l)(y, t) = lh[Xx,:Hxo(Y) + XxyHyo(Y)]
x exp( -iwt) + c.c.,
and the induced SH magnetization is
where U = 2w. From Eq. (B6), the corresponding linear and SH magnetic inductions are where
'Ib derive linear and SH wave propagation in Voigt geometry, let us take the curl of Eq. (B2). Using the identity of vector products, Eqs. 
respectively, where
For waves propagating along the y direction the magnetic film is extended infinitely in the xz plane:
The general solution for x-polarized wave equation (B23) is
where a and b are to be determined with the boundary conditions of the film. The complete expression with time dependence is
where g = 2k y • The homogeneous solution for Eq. (B33) is From Eq. (B2), the rf electric fields are related to the rf magnetic field as
and, with time dependence,
Again, the E field related to Hz(Y, t) is given by Eq.
(B31):
The general solutions for Eq. (B33) have the forms
where For k z = g(phase matching) the particular solution for
Equations ( 
and, with the inclusion of time dependence,
The E field related to Hz(y, t) is given by Eq. Fig. 6 . In Fig. 6 , p, r, and t represent the amplitude coefficients for incident, reflection, and transmission angles, respectively.
From Appendix B, the dynamic magnetic and electric fields in medium I are Fig. 7 . The dynamic magnetic and electric fields in medium 1 are Fig. 6 . Schematic diagram for transmission and reflection oflinear waves.
The dynamic magnetic and electric fields in medium 2 are
For phase mismatch, k z ' * 2k y = g, the dynamic magnetic and electric fields in medium 2 are
The dynamic magnetic and electric fields in medium 3 are 
where cPij = U ij for phase mismatching and cPij = V ij for phase matching. The explicit expressions for U ij and Vij are
